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Creating highly active and stable metal catalysts is a persistent goal in the field of heterogeneous catalysis. 
However, a real catalyst can rarely achieve both of these qualities simultaneously due to limitations in the 
design of the active site and support. One method to circumvent this problem is to fabricate firmly attached 
metal species onto the voids of a mesoporous support formed simultaneously. In this study, we developed a 
new type of ruthenium catalyst that was firmly confined by ordered mesoporous carbons through the 
fabrication of a cubic Ia3d chitosan-ruthenium-silica mesophase before pyrolysis and silica removal. This 
facile method generates fine ruthenium nanoparticles (ca. 1.7 nm) that are homogeneously dispersed on a 
mesoporous carbonaceous framework. This ruthenium catalyst can be recycled 22 times without any loss of 
reactivity, showing the highest stability of any metal catalysts; this catalyst displays a high activity 
(23.3 molLAh"^gmetai~^) during the catalytic hydrogenation of levulinic acid (LA) when the metal loading is 
6.1 wt%. Even at an ultralow loading (0.3 wt%), this catalyst still outperforms the most active known Ru/C 
catalyst. This work reveals new possibilities for designing and fabricating highly stable and active metal 
catalysts by creating metal sites and mesoporous supports simultaneously. 



Supported ruthenium catalysts are highly efficient in various reactions, such as ammonia synthesis, Fischer- 
Tropsh synthesis, selective hydrogenation and cellulose hydrolysis^"^. Ordered mesoporous carbon sup- 
ported ruthenium (Ru-OMC) catalysts are highly favourable due to the combined advantages of the active 
ruthenium species and a unique OMC support with well controlled porosity and structures, as well as superior 
acid-base tolerance and (hydro) thermal stability^'^. However, the Ru-OMC catalysts usually exhibit poor stability 
due to their property toward aggregation and severe leaching of the ruthenium species^^"^^, caused by their poor 
dispersion and weak interfacial contact with the OMC. The Ru-OMC catalysts are usually fabricated using 
traditional impregnation or precipitation techniques after synthesising the OMC via a hard-templating 
approach^l This tedious multi-step synthesis exerts poor control over the ruthenium dispersion and its attach- 
ment onto OMC. Such dilemma is relieved by filling the ordered mesoporous SBA-15 with carbon and metal 
precursors before pyrolysis and silica removaP^'^^. Currently, an alternative and more economic approach can 
deposit homogeneously dispersed metal nanoparticles (NPs) firmly attached to a carbonaceous framework 
formed simultaneously in situ by the direct pyrolysis of metal organic frameworks (MOFs) under an inert 
atmosphere^^'^^. However, the resulting carbonaceous frameworks are disordered and lack uniform mesoporous 
arrays due to the uncontrolled transformation of flexible MOFs during pyrolysis. To date, fabricating highly stable 
Ru-OMC catalysts with ruthenium species homogeneously dispersed on ordered mesoporous carbons using a 
facile method remains a challenge. 

The direct pyrolysis of a metal-free ordered mesophase involving a surfactant-directed polycondensation of 
resorcinol and formaldehyde can afford OMC^^. Therefore, if ruthenium precursors could be introduced to this 
reaction mixture, a Ru-OMC catalyst with firmly anchored Ru NPs homogeneously dispersed on OMC might be 
prepared in situ. A chelated polymerisable carbon precursor is crucialfor the oriented synthesis of an ordered 
mesophase containing homogeneously distributed ruthenium coordination polymers. Chitosan is a naturally 
occurring macromolecule that possesses numerous hydroxyl and amine moieties with a strong affinity for metal 
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ions^^. Therefore, chitosan may be superior to the phenohc resin 
extensively used as the chelating agent for dispersing metal species 
and interacting with the surfactant to form an ordered mesophase. 

We introduce a new type of highly stable and active Ru-OMC 
catalyst fabricated in situ by constructing a CTAB-directed cubic 
Ja3(ichitosan-ruthenium-silica mesophase before pyrolysis and silica 
removal. In our study, the chitosan (CTS) was initially modified by 
5-chloromethyl-8-quinolinol (Supplementary Information and 
Supplementary Figs. SI -6), facilitating chelation with the ruthenium 
ions and interaction with positive CTA^ to enlarge the hydrophobic 
volume of the surfactant; these changes decrease the micelle curv- 
ature to form a cubic Ia3d mesophase along with the silica (Supple- 
mentary Information). This chitosan-ruthenium-silica mesophase 
provides an interpenetrating framework with a "reinforced- 
concrete"-like structure; both "reinforcing-steel-bar" silicate and 
"concrete" carbons form the mesostructured framework (Supple- 
mentary Fig. S7). The pyrolysis is a unique "one stone, three birds" 
strategy used to remove the CTAB, carbonise the CTS and reduce the 
ruthenium ions in one step. The silica framework acts as a hard 
template to consolidate the cubic Ia3d structure during pyrolysis, 
and removing the silica affords replicated intercrossed carbonaceous 
mesopores with large surface areas and pore volumes; the Ru NPs are 
also exposed. By using this facile fabrication methodology, fine Ru 
NPs {ca. 1.7 nm) were confined and homogeneously dispersed on 



the ordered mesoporous carbonaceous framework. This Ru-OMC 
catalyst can be recycled 22 times without any apparent loss of react- 
ivity, demonstrating the highest stability of any metal catalyst and a 
high activity (23.3 molLAh~^gmetar^) for the catalytic hydrogenation 
of levulinic acid (LA) when the metal loading is 6.1 wt%. When used 
at an ultralow loading (0.3 wt%), this catalyst still outperforms the 
most active known Ru/C catalyst. 

Results 

Synthesis. Surfactant cetyltrimethylammonium bromide (CTAB), 
tetramethoxysilane (TMOS), 8-quinolinol modified chitosan (CTS- 
HQ) and ruthenium trichloridetrihydrate (RuCl3*3H20) were the 
structure directing agent, silica, carbon and metal precursors used 
to synthesise Ru-OMC catalysts, respectively. The molar proportion 
of the precursor gel was as follows: 0.15 CTAB: 8.2 NH3 (25 wt%): 
1 14 H20: 10 EtOH: 0.9 TEOS: 0.5 CTS-HQ: 2xRu, where x was set as 
0, 0.001, 0.005, 0.015, 0.030 and 0.060. After the mixture was stirred 
at room temperature for 2 h, the resulting gel was transferred to a 
polytetrafluoroethylene container and heated at 100°C for 2 days 
(Fig. la). The as-made product (xRu-CigSC) was washed, dried 
and pyrolysed in a tubular furnace under N2. The heating rate was 
2°C/min below 350°C and 5°C/min above 350°C; the pyrolysis was 
carried out at 750°C for 2 h (Fig. lb). The resulting soUd with 
different metal contents was denoted as xRu-OMSC and subjected 
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Figure 2 | Characterisation results for the Ru-containing samples, (a) Small angle X-ray diffraction patterns of 3.0%Ru-Ci6SC, 3.0%Ru-OMSC and 
3.0%Ru-OMC, (b) TEM image with the corresponding FFT pattern of 3.0%Ru-OMC, (c) high-energy X-ray diffraction patterns of 3.0%Ru-Ci6SC, 
3.0%Ru-OMSC and 3.0%Ru-OMC, and (d) the HAADF image of 3.0%Ru-OMC. 



to alkaline etching with 0.5 M NaOH solution to remove any silica 
layers, affording xRu-OMC (Fig. Ic). 

Characterisation. The small angle X-ray diffraction patterns of 
3.0%Ru-Ci6SC and 3.0%Ru-OMSC show cubic Ia3d featured 
(211), (220), (321), (400) and (420) diffractions in a 26 range from 
2 to 5° (Fig. 2a), corresponding to the long-range ordered 3D 
mesostructure^°'^\ However this structure shrinks slightly upon 
silica removal, as suggested by the broadening (211) peak. This 
ordered mesostructured array is further confirmed by bright-field 
TEM imaging (Fig. 2b). The pyrolysed and alkaline-etched samples 
provide broad but clear (101), (102) and (110) diffractions (Fig. 2c) 
that correspond to hep structured Ru NPs (JCPDS file 06-0663)^^ 
These Ru NPs can be directly discerned in the high-angle annular 
dark-field (HAADF) image of 3.0%Ru-OMC; this material exhibits 
homogeneously dispersed bright spots centred at ca. 1.7 nm 
(Fig. 2d). Interestingly, the average particle size of the Ru NPs 
remains invariably at approximately 1.7 nm when the ruthenium 
concentration varies; just the dispersion of uniformly distributed 
Ru NPs improves as the molar percentage of Ru decreases 
(Supplementary Fig. S8). 

The X-ray absorption fine structure (XAFS) reveals the transition 
and local structure of ruthenium species. Compared to 3.0%Ru- 
Ci6SC, 3.0%Ru-OMSC exhibits a pre-edge feature and a negative 
shift in the adsorption edge position (Fig. 3a), suggesting that the 
Ru( + 3) species are mostly reduced during pyrolysis^^'^'*. After alkal- 
ine etching, 3.0%Ru-OMC provides unexpected X-ray absorption 
near edge structure (XANES), as well as k^- weighted extended X- 
ray absorption fine structure (EXAFS) spectra similar to those of 



3.0%Ru-Ci6SC; the weak oscillations at a higher k region of k > 
8 A"^ (Supplementary Fig. S9) indicate the dominance of low Z 
backscatter, corresponding to O in our system^l Moreover, 
3.0%Ru-OMC shows one prominent peak at 1.60 A from the Ru- 
O pairs in the Fourier transformed EXAFS (r space), in addition to 
the peak at 2.20 A from the Ru-Ru contributions^^ (Fig. 3b). 
Consistently, preliminary data analysis indicates that the 3.0%Ru- 
OMC exhibits fewer Ru-Ru contributions (curve fitted to be 2.70 A) 
with a smaller coordination number of —1.8 compared to that of 
—4.9 from 3.0%Ru-OMSC and is accompanied by the Ru-O contri- 
butions with a coordination number of —3.3, suggesting that the Ru 
NPs were partially oxidised during the alkaline etching^^. Detailed 
EXAFS data analysis is presented in Table 1. 

The incorporation of CTS-HQ and silica into the CTAB- directed 
chitosan-ruthenium- silica mesophase can be confirmed by the C-H 
stretching vibration at 2927 and 2855 cm~\ the pyridyl and aromatic 
ring vibrations between 1600 and 1300 cm"\ and the silica frame- 
work vibration at 1086 and 465 cm"^^^"^° (Supplementary Fig. SIO). 
After pyrolysis, only the silica vibrations persist; these vibrations 
disappear after the silica is removed, as verified by the absence of 
Si signals in the EDX spectrum compared to 3.0%Ru-OMSC 
(Supplementary Fig. Sll). The transition of 3.0%Ru-Ci6SC triggers 
a morphological change from a uniform sphere to a deficient hollow 
shape (Supplementary Fig. SI 2), and creates mesoporous 3.0%Ru- 
OMSC and 3.0%Ru-OMC with uniform pores which can be verified 
by the type IV isotherms and Hi -type hysteresis loops of the corres- 
ponding materials (see Fig. 3c). The pore size slightly increases 
(0.5%), while the specific surface area and pore volume increase 
dramatically after silica removal with values nearly three times higher 
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Figure 3 | Characterisation results for the Ru-containing samples. (a)The normalised XANES spectra at the Ru K-edge and (b) the k^-weighted 
Fourier transform spectra from EXAFS for 3.0%Ru-Ci6CS, 3.0%Ru-OMSC, 3.0%Ru-OMC and Ru foil, (c) N2 adsorption/desorption isotherms and (d) 
the BJH pore size distributions of 3.0%Ru-OMSC, 3.0%Ru-OMC and 3.0%Ru-C. 



than those of 3.0%Ru-OMSC (Fig. 3d and Supplementary Table SI). 
The Smeso/Smicroratio and Vmeso/Vmicroratio also increase from 0.72 
to 0.88 and from 2.17 to 3.55 because more mesostructures are cre- 
ated after the silica is removed. Accordingly, the wall thickness is 
calculated by subtracting Dp/2 from Ao/3.0919^\ decreasing from 
0.96 to 0.69 nm (Supplementary Table SI). Based on the above 
results, the Ru NP size {ca. 1.7 nm) ranges between the pore size 
{ca. 4.32 nm) and wall thickness (0.69 nm), revealing that the Ru 
NPs are primarily affixed to the mesoporous frameworks. 

Catalytic performance. We chose typical levulinic acid (LA) 
hydrogenation to probe the catalytic performance of the xRu- 
OMC series, and commercial Ru/C isthe most active of the metal 
catalysts for this process. Supplementary Table S2 lists the catalytic 
results over 3.0%Ru-OMC under different reaction conditions. For 
the catalytic conversion of 5.0 g of LA under solvent-free conditions, 
a 99.4% LA conversion and a 98.8% yield of y-valerolactone (GVL) 
are achieved when 3 wt% of catalyst was used under 4.5 MPa H2 at 



150°C for 2 h. The results for the other catalysts using these 
optimised reaction conditions are shown in Table 2. As expected, 
the OMC shows insignificant activity due to the lack of active 
ruthenium species. When increasing ruthenium content from 0.3 
to 6.1 wt%, all of the Ru-OMC catalysts are active; the LA 
conversion and GVL yield increase dramatically. However, 
increasing the ruthenium loading from 6.1 to 12.6% decreases the 
LA conversion and GVL yield, most likely due to the poor dispersion 
of Ru NPs. In contrast, the specific rates and TOF values decrease 
when the ruthenium content increases, and 0.1%Ru-OMC exhibits 
the highest specific rate (34.7 molLAh'^gmetai"^) and TOF value 
(3510 h"^) of any xRu-OMC catalyst, making it approximately 
three times more active than commercial Ru/C. These results 
suggest that the catalytic activity of Ru-OMC can be tuned by 
varying the ruthenium content. 

The textural properties of the carbonaceous supports affect the 
catalytic performance of the supported Ru NPs. For comparison, 
microporous 3.0%Ru-C was prepared via the direct pyrolysis of 



Table 1 Best fit parameters obtain 


ed from the analysis of the Ru K-edge EXAFS spectra" 






Materials 


Shell 


Fitting range Ar [A] 


CN 


R[A] 


AEo [eV] 


R factor (%) 


3.0%Ru-OMSC 
3.0%Ru-OMC 

Ru foil 


Ru-Ru 
Ru-O 
Ru-Ru 
Ru-Ru 


0.897-2.718 
0.552-2.053 
0.552-3.352 


4.9 ± 1.0 
3.3 ± 0.2 
1.8 ± 0.2 
12 


2.65 ± 0.016 
2.01 ± 0.01 1 
2.70 ±0.011 
2.67 


-5.9 ± 2.4 

8.4 ± 1.2 

5.5 ± 1.4 


4.6 
0.9 


°CN = coordination number, R = coordination distance and AEq = inner potential correction. Error bounds (accuracies) that characterize the structural parameters obtained by EXAFS spectroscopy were 
estimated as CN, ±20%; R, ± 1 %; AEq, ±20%. Ru foil parameter from data_90085 1 3-ICSD; Ru02 parameter from data_l 000058-ICSD; r space fit, Ak = 2.8-1 0.0 A-\ Ar = 0.5-3.3 A, Sq^ fitting from 
RUO2 foil defined as 0.95. 
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Table 2 | Comparison of rates and TOFs 



Materials 


Ru loadings (wt%) 


LA conversion'' (%) 


GVL yield (%) 


Specific rate (moUh ^gmetd ^) 


TOPb (h- 


OMC 


0 


3.4 


- 


- 


- 


0.1 %Ru-OMC 


0.3 


7.8 


6.6 


34.7 


351 0 


0.5%Ru-OMC 


1.0 


21.9 


19.7 


30.3 


3061 


1 .5%Ru-OMC 


3.7 


72.1 


65.9 


28.0 


2827 


3.0%Ru-OMC 


6.1 


99.4 


98.8 


23.3 


2351 


6.0%Ru-OMC 


12.6 


97.4 


96.9 


11.1 


1119 


3.0%Ru-OMSC 


4.8 


39.2 


36.4 


1 1.9 


1197 


3.0%Ru-C 


5.5 


33.5 




8.7 


882 


commercial Ru/C 


5.0 


48.3 


30.3 


13.9 


1403 



"Reaction conditions: LA 5.0 g, catalyst amount 0.3 wt%, H2 pressure 4.5 MPa, temperature 1 50°C and duration 2 h. 
'^TOF, h"^ : (turnover frequency) moles of substrate converted per mole of metal per hour. 



chitosan- ruthenium coordination polymers in the absence of CTAB 
and siUca; this material converts 33.3% of LA without producing 
GVL. GVL formation and diffusion were most likely prohibited in 
this microporous catalyst system. The LA conversion was enhanced 
to 39.2% with 36.4% GVL yield over the mesoporous 3.0%Ru- 
OMSC. The LA conversion and GVL yield are further improved to 
99.4 and 98.8% over the 3.0%Ru-OMC catalyst due to the larger 
surface areas and mesoporous volumes created after silica removaP^, 
facilitating LA adsorption and GVL diffusion. 

The recycling stability of the metal catalysts is important for their 
potential applications in industry. In our experiment, the spent cata- 
lyst was subjected to simple washing and was used directly in the 
following cycle. In this case, the 3.0%Ru-OMC catalyst can be 
recycled up to 22 times without any loss of reactivity (Fig. 4a); an 
ICP analysis of the filtration shows insignificant ruthenium content, 
exhibiting the highest stability of any tested metal catalyst. In the 
HAADF image of the spent 3.0%Ru-OMC after 23 cycles, sUghtly 
agglomerated NPs were observed (Supplementary Fig. SI 3), which is 
mainly responsible for the decreased but still high GVL yield (90.2%). 
The high stability of the 3.0%Ru-OMC can be ascribed to the active 
Ru NPs being firmly attached to the carbonaceous framework with 
the strong metal support interaction^^, as well as the strong electro- 
static repulsion between the surface RuOx coated Ru NPs, decreasing 
agglomeration^^. 

A general comparison of the activity and stability during the cata- 
lytic hydrogenation of LA over various metal catalysts is shown in 
Fig. 4b. Most metal catalysts exhibit either very low activity with 
higher stability, such as Ni/C, or suffer fast current deactivation, such 
as Ru/C. The Ru-OMC catalyst developed in this study simulta- 
neously exhibits extremely high stability and activity, making it 
unique due to its catalytic properties compared to other metal 
catalysts. 



Discussion 

In this study, a highly stable and active Ru-OMC catalyst was 
developed by fabricating a cubic Ia3d chitosan- ruthenium- silica 
mesophase before pyrolysis and silica removal. This facile and scal- 
able methodology created homogeneously dispersed fine Ru NPs 
firmly confined onto the ordered mesoporous carbonaceous frame- 
work formed simultaneously in situ. This material developed a high 
stability and activity due to the elaborately fabricated ruthenium 
species, the mesostructured carbonaceous framework and the faith- 
ful occurrence of their ensemble effect. Using the concept of creating 
metal sites and mesoporous supports simultaneously in situ, this 
work opens new avenues for designing and fabricating various het- 
erogeneous mono-, bi- and/or tri-metallic catalysts with exceptional 
performance. 

Methods 

Catalytic test. The LA hydrogenation reactions were carried out in a 100 ml 
magnetometrically stirred Parr 4560 autoclave equipped with a P. ID. controller 
(4843). In a typical procedure, a known amount of catalyst and 5.0 g of LA were 
inserted into the autoclave. The sealed autoclave was charged and deflated with N2 
three times before being pressurised with H2 to a certain value and heated to the 
reaction temperature. Once the desired temperature was reached, the timer was 
started. After the reaction was finished, the autoclave was cooled rapidly with cold 
water. Afterward, toluene was added as an internal standard. The reaction products 
were quantified with an Agilent 6980 gas chromatograph equipped with a flame 
ionisation detector and an SE-54 capillary column (30 m X 0.25 mm X 1.5 |im). 

Characterisation. Powder XRD data were collected with a Bruker D8 Advance X-ray 
diffractometer using nickel filtered CuKa radiation {X = 1.5406 A). The samples 
were scanned from 26 = 1.2-10.0° in 2°/min steps. The morphology and 
microstructure were analysed using a FBI Tecnai G2 F20 transmission electron 
microscope equipped with an energy dispersive X-ray spectroscopic analyser at 
200 kV. The samples were sonicated for 5 min in ethanol, and one drop of the 
suspended sample was dripped onto a holely carbon film supported on a 300 mesh 
copper grid. The N2 adsorption/desorption isotherms were recorded at 77 K with a 
Micromeritics Tristar II 3020. Before the measurements, the samples were outgassed 
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Figure 4 | Comparison of recycling over 3.0%Ru-OMC in this study (a) with various reported metal catalysts^ (b) for LA hydrogenation. Reaction 
conditions: LA 5.0 g, catalyst amount 0.3 wt%, H2 pressure 4.5 MPa, temperature 150°C and duration 2 h. 
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at 300°C for 3 h. The specific surface area was calculated using the Brunauer- 
Emmett-Teller (BET) method, and the pore size distributions were measured using 
the Barrett-Joyner-Halenda (BJH) method with the desorption branch of the 
isotherms. The synchrotron X-ray diffraction measurements were performed at the 
11-ID-C beamline at the Advanced Photon Source (APS) at Argonne National 
Laboratory. High-energy X-rays (115 keV energy and 0.6 mm X 0.6 mm beam size) 
were used to obtain the two-dimensional (2D) diffraction patterns in transmission 
geometry with a Perkin-Elmer large area detector placed 1.6 m from the sample. The 
X-ray absorption fine structure (XAFS) was tested on beamlines20-ID and 20-BM at 
the APS at Argonne National Laboratory. The XAFS data were obtained in 
transmission mode at the Ru K-edge (221 17.0 eV). The other related information and 
characterisation techniques can be found in Supplementary Information. 

The metal content was estimated using inductively coupled plasma atomic emis- 
sion spectroscopy (ICP-AES) conducted on a Perkin Elmer emission spectrometer. 
Each 10 mg sample was vacuum dried, placed in a digester with a PTFE lining, and 
dissolved in 5 ml of boiling aqua fortis solution. A microwave digestion was carried 
out for 10 min to dissolve the metal species completely. After cooling, each solution 
was filtered through a 0.45 |j,m polyethersulfone filter and then submitted to metal 
analysis. 
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